Purpose The purpose of this study was to investigate the relationship of porcine somatic cell nuclear transfer (SCNT) embryo developmental competence with embryonic cell apoptosis and DNA methylation. Methods The apoptotic incidence was examined via comet assay, and the mRNA expression of genes implicated in apoptosis (Bcl-2) and DNA methylation (Dnmt1, Dnmt3a) was determined using real-time RT-PCR. Results Comet assay showed that the SCNT embryos exhibited significantly higher apoptotic rate at 2-cell stage (8.3% versus 2.1%, P<0.05), 16-cell stage (27.3% versus 19.2%, P<0.05) and morula (37.5% versus 26.9, P<0.05) compared with IVF embryos. Compared with IVF embryos, a higher Bcl-2 mRNA expression pattern was observed in SCNT embryos before the 8-cell stage and differed significantly at 2-and 4-cell stages (P<0.05). After the 16-stage, Bcl-2 mRNA expression pattern became significantly lower in SCNT group (P <0.05). The relative expression level of Dnmt1 mRNA showed a higher expression level in oocytes, then sharply decreased and started to increase slightly after the 8-cell (IVF embryos) or 16-cell stage (SCNT embryos). Dnmt1 mRNA expression in IVF embryos appeared to have been lower than that of SCNT group before 16-cell stage embryos, especially at 4-and 8-cell stages (P<0.05). Although a trend for a similar increase of Dnmt3a expression was observed in IVF and SCNT embryos after 8-cell embryos, SCNT group resulted in much higher Dnmt3a mRNA abundance compared with the IVF group, particularly after 16-cell embryos (P<0.05).
Introduction
The success of somatic cell nuclear transfer (SCNT) in swine gives promise to widespread applications such as genetically superior pig breed production, species resource preservation and xenotransplantation for humans, etc [1] [2] [3] . Since the first cloned pigs were generated using somatic cell cloning [4] , substantial improvement for this technique has been realized [5, 6] . However, the efficiency of pig cloning has been lower than that of other domestic animals, with only 1%-5% of the embryos reconstructed by nuclear transfer surviving to term [7, 8] . Apoptosis, a type of programmed cell death, is a physiological process occurring spontaneously during normal preimplantation embryo development [9] . However, apoptosis also has a role in the cellular response to suboptimal developmental conditions and stress [10] , and embryonic development is compromised if apoptosis surpasses a certain threshold [9] . The occurrence of apoptosis in preimplantation embryos has been considered one of the most important parameters for evaluation of embryo health [11, 12] . The process of apoptotic cell death in mammalian preimplantation embryos Capsule Low efficiency of porcine SCNT technology may be associated with either embryonic apoptosis or incomplete reprogramming of donor nuclear caused by abnormal Dnmts mRNA expression.
has been well described, and the TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling) assay has been widely used for detection of apoptosis. Mouse in vivo embryos usually do not exhibit any TUNEL labeling before the blastocyst stage [13] , but some apoptotic morphological changes were observed already at the 8-to 16-cell-stage mouse embryos produced in vitro [9] . Apoptosis was first observed in bovine SCNT embryos at the 4-cell stage, but for in vitro fertilization (IVF) embryos at 6-to 8-cell stages using TUNEL assay [14] . In pigs, the earliest positive TUNEL labeling signals were detected in SCNT-derived blastocysts, and the percentage of cells undergoing apoptosis in the SCNT embryos was apparently higher than that of IVF-derived blastocysts [15] . DNA damage and fragmentation are commonly major characteristics of apoptosis, and the comet assay (single cell gel-electrophoresis, SCGE) appears to be a more sensitive method for assessing DNA damage to evaluate the apoptosis individual eukaryotic cell as well as in mammalian preimplantation embryos, because this method is able to distinguish DNA fragmentation present in all apoptotic stages, including early ones [16, 17] . Nevertheless, the comprehensive evaluation of DNA damage aspects of apoptosis in porcine SCNT embryos during development in vitro has not been reported to date.
DNA methylation is a major epigenetic mark in the mammalian genome and is modulated during the reprogramming process, and the insufficient epigenetic reprogramming of the somatic donor genome might be the cause of the abnormalities and the low efficiency associated with SCNT [18, 19] . DNA methylation mechanism relies on the catalytic activity of DNA methyltransferases (Dnmts). The Dnmt1 maintains the methylation pattern during replication, whereas Dnmt3a and Dnmt3b are responsible for de novo methylation of unmethylated regions [20] . In animal cloning, the highly differentiated donor nucleus must cease its own program of gene expression and restore a particular program of embryonic expression necessary for normal development [21] . However, aberrant methylation changes of the donor genome, especially in highly repetitive sequences, were observed frequently in cloned embryos [21, 22] . In cloned bovine embryos, various genomic repeated sequences, such as satellite I, satellite II, and art-2 SINE sequences, showed aberrant methylation status in cloned blastocysts [22] . Bourc'his et al. [19] also reported that the centromeric heterochromatin in cloned bovine embryos was hypermethylated in contrast to that in IVFderived embryos. The lack of demethylation in repetitive sequence Rsat IIE was also revealed in cloned rabbit embryos [23] . However, Kang et al. [24] using bisulfitesequencing, demonstrated that DNA methylation changes in cloned porcine embryos appears to be normal, as both the centromeric satellite and PRE-1 sequence exhibited a typical demethylation process compared with that in control fertilized embryos. Bonk et al. [25] used a microarray-based approach but reported different results that methylation patterns of many CpG islands did differ between in vivogenerated and cloned porcine blastocysts. These apparent conflicting results indicated different methylation status revealed by the different target sequences analyzed. Therefore, it is hard to predict the global DNA methylation patterns by evaluating individual genes and sequences. Moreover, these previous studies have focused on the DNA methylation state of repeated DNA elements, including SINE, LINE, and micro-satellite DNA [19, 24] . When studying nuclear reprogramming, however, it is essential to identify DNA methylation-related gene expression profiles; especially for the Dnmts-related genes, transcription levels changed throughout the recipient oocyte maturation process and cloned embryo development in vitro, which may provide insight into the relation between the DNA methylation state and the efficiency of procine SCNT.
The objectives of this study were to reveal the relationship of porcine SCNT embryos developmental competence with embryonic cell apoptosis and DNA methylation. The developmental competence of porcine SCNT and IVF embryos was compared, and their apoptotic incidence during development in vitro were assessed with comet assay. The expression patterns of genes implicated in apoptosis (Bcl-2) and DNA methylation (Dnmt1, Dnmt3a) were also examined using real-time RT-PCR, in order to provide insight into the causes of the low efficiency of porcine SCNT.
Materials and methods
All chemicals and reagents used in the experiments were purchased from Sigma (St. Louis, MO, USA) unless otherwise noted.
Collection and in vitro maturation of porcine oocytes Porcine ovaries were obtained from a local abattoir and transported to the laboratory in 0.9% NaCl solution supplemented with 100 IU/ml potassium penicillin G and 100 IU/ml streptomycin sulfate (Zhong-Nuo Pharmaceutical Co., Ltd, Shijiazhuang, China) within 2 h at 37°C. Cumulus-oocyte complexes (COC) from 2-5 mm diameter follicles were aspirated to a 10-ml disposable syringe. The COC with uniform cytoplasm and at least three layers of compact cumulus cells were chosen and rinsed three times in Tyrode lactate-HEPES (TL-HEPES) containing 0.l% polyvinyl alcohol (PVA), then in vitro matured (IVM) as previously described by Wu et al. [26] . Briefly, approximately [15] [16] [17] [18] [19] [20] germinal vesicle (GV) stage oocytes were placed into a 100-μl droplet of pre-equilibrated culture medium (TCM199; GIBCO BRL, Gaithersburg, MD) supplemented with 10 IU/ ml PMSG (Tianjin Huafu High & New Biotech Co., Tianjin, China), 10 IU/ml hCG (Ningbo Hormonal Reagents Co., Ltd, Zhejiang, China), 69 μg/ml L-cysteine, 1 μg/ml 17β-estradiol, 10%(v/v) porcine follicular fluid (pFF, self-made), 36 mg/l sodium pyruvate, 1 ml/l sodium lactate, 10% newborn calf serum (NCS, GIBCO BRL), 70 mg/l penicillin G and 50 mg/l streptomycin, covered with mineral oil. According to the experimental design, the oocytes were cultured for various periods at 38.5°C in humidified atmosphere of 5% CO 2 in air.
After maturation, cumulus cells were removed by vigorous vortexing in TL-HEPES medium supplemented with 0.1% hyaluronidase for 3 min, and the cumulus-free oocytes with uniform ooplasm, intact cytoplasmic membrane and visible first polar body (pbI) were considered to reach meiosis II (MII) stage [26] .
Isolation and in vitro culture of nuclear donor cells Cumulus cells were used for nuclear donor cells. After maturation in vitro, COC were transferred into TL-HEPES medium supplemented with 0.1% hyaluronidase for 3 min at 38.5°C, and then equal volume of DMEM medium containing 10% NCS was added and mixed thoroughly. The cumulus cells were harvested by centrifugation at 1,500 r/min for 5 min after removal of oocytes. Cell pellets were resuspended with DMEM medium containing 10% NCS, adjusting the cell density of 5×10 5 cells/ml, and seeded into 4-well multidishes (Nunclon, Roskilde, Denmark), incubated at 38.5°C in humidified 5% CO 2 in air. When reaching 80% of confluence, the cells were passed in the proportion of 1:2 for subculture. Cells at 2-5 passages were treated with 0.05% trypsin and 0.02 mM EDTA before use.
Enucleation of recipient oocytes
The enucleation of MII-stage denuded oocytes was treated in HEPES buffered TCM199 containing 7.5 μg/ml Cytochalasin B (CB). After incubation for 15 min, oocytes were enucleated blindly by aspirating pbI and 20% adjacent cytoplasm presumably containing the metaphase II plate using a 20 μm in diameter glass pipette as previously described by Boquest et al. [27] . Successful enucleation was confirmed under an inverted fluorescent microscope (TS100, Nikon, Japan) after staining with 5 μg/ml Hoechst 33342 for 10 min.
Nuclear transfer procedures
Round glossy cumulus cells were chosen as donor cells and introduced into the perivitelline space of enucleated recipient oocytes through the hole made at enucleation, and then wedged between zona pellucida and cytoplasm membrane to facilitate close membrane contact for subsequent fusion. After recovered in 0.4% BSA (bovine serum albumin) NCSU23 medium at 38.5°C for 1.5 h, the reconstructed couplets were fused and activated simultaneously with a single DC pulse of 1.5 kV/cm for 80 µs using an Electro-cell Manipulator (CRY-3, Ningbo Xinzhi Co., Ltd, Ningbo, China). The resulting reconstructed embryos were washed and cultured in 0.5 ml of overnight-equilibrated NCSU23 medium containing 4 mg/ ml BSA covered with dimethylpolysiloxane at 38.5°C, 5% CO 2 in air. Approximately 40-50 reconstructed embryos were cultured in each well of a 4-well multidish. Fusion results were examined under an inverted microscope at 1 h after fusion and embryos were examined daily. The percentages of cleavage and blastocyst formation were evaluated on Day 2 and Day 7 after culture, respectively.
In vitro fertilization
Boar frozen semen in 0.25 ml straw was thawed at 37°C for 30 s in a water bath, diluted in 2.25 ml ZORLESCO (ZO) solution [28] and incubated at 37°C for 5 min. After washing twice by centrifugation (1,500 r/min, 5 min) with Dulbecco's PBS, the spermatozoa were resuspended in modified tris-buffered medium (mTBM) [29] supplemented with 200 μg/ml heparin sodium salt, adjusting the sperm concentration to 5×10 6 sperm/ml. After washing twice with mTBM, MII oocytes were transferred into 100 μl mTBM droplets and inseminated with frozen-thawed sperm for 6 h at 38.5°C. The IVF embryos were cultured in overnightequilibrated 0.4% BSA NCSU23 medium covered with dimethylpolysiloxane at 38.5°C, 5% CO 2 in air. Embryos were examined daily and evaluated on Day 2 and Day 7 for cleavage and blastocyst formation. For the comet assay and real-time RT-PCR analysis, IVF and SCNT embryos at 2-, 4-, 8-, 16-cell and morulea stages were collected at 24 h, 48 h, 72 h, 96 h and 120 h, respectively.
Comet assay DNA damage of the embryos was assessed with the comet assay as previously described by Fabian et al. [16] with minor modifications. Prior to comet assay, the zona pellucida was digested by 0.2% protease and polar body was removed by microsurgery to ensure that only embryonic cell DNA was evaluated [30] . Briefly, 10-15 embryos were randomly selected from each group, put into 50 μl 1% low-melting agarose, and then transferred to a glass slide pre-coated with 100 μl 1% normal-melting agarose. The slide was sealed with a cover slip to solidify the agarose at 4°C for 10 min. After gently removing the cover slip, the third layer of 75 μl 1% normal-melting agarose was spread and sealed again with a cover slip to solidify at 4°C for another 10 min. After carefully removing the coverslip, slide with adhered embryo-embedded agarose was immersed in lysis solution (10 mM Tris, 100 mM EDTA, 1% SDS, 2.5 mM NaCl and 1% Triton X-100) at 4°C for 1 h to dissolve the cells and permit DNA unfolding and placed on a horizontal gel electrophoresis unit and equilibrated for 15 min in Tris-botate-EDTA buffer (TBE). Electrophoresis was conducted at 50 V, 300 mA for 15 min. Following electrophoresis, DNA of embryos was stained with 250 μg/ ml propidium iodide (PI, Boster) by 20 min incubation. Stained embryos were examined under a fluorescence microscope. Fluorescence-stained images were analyzed according to the method used by Fabian et al. [16] , the embryos with a full head but no tail or a very short tail no longer than diameter of head were assigned to undamaged embryos (Fig. 1a) ; contrarily, those that showed a halfempty head (due to emigration of high levels of fragmented DNA) with a long and intensive tail were classified into apoptotic embryos (Fig. 1b) .
Real-time RT-PCR
To compare the relative abundance of mRNA transcripts of Bcl-2, Dnmt1 and Dnmt3a genes in the oocytes or the embryos at various developmental stages from each group, real-time RT-PCR was performed. Total RNA was extracted from 30 oocytes or embryos from each group using TRIzol reagent (Invitrogen), according to the manufacturer's instruction. A total of 0.5 μg RNA from each sample was converted to cDNA by using ReverTra Ace®qPCR RT Kit (TOYOBO, Co., Japan) in a 10 μl reaction mixture containing 2 μl of 5 × RT Buffer, 0.5 μl of RT Enzyme Mix, 0.5 μl of Primer Mix, 0.5 μg of RNA, and nucleasefree water added to 10 μl. Briefly, the RNA solution was incubated at 65°C for 5 min, then immediately placed on ice, after which the other components were added, incubated at 37°C for 15 min and then at 98°C for 5 min. Finally, the reacted solution was stored at −20°C. As negative controls, tubes were prepared in which RNA or reverse transcriptase was omitted during the reversetranscription reaction.
Real-time PCR was performed on a LightCycler PCR (MJ ResearchTM, Mont., USA) by using SYBR® Green Real-time PCR Master Mix (TOYOBO), according to the manufacturer's protocol. Primer sequences, the size of amplified products, and the GenBank accession numbers are shown in Table 1 . The total volume of 20 μl real time RT-PCR reaction mixture contained 10 μl of SYBR® Green Real-time PCR Master Mix, 0.4 μM each of forward and reverse primers, 2 μl of cDNA and 6.4 μl of nuclease-free water. The program used for all genes consisted of a denaturing cycle of 30 s at 95°C, 45 cycles of PCR (95°C for 5 s, 57°C for 10 s, and 72°C for 15 s), a melting cycle consisting of 95°C for 0 s, 72°C for 5 min, and a step cycle starting at 65°C with a 0.2°C/s transition rate to 95°C. The specificity of the realtime RT-PCR product was confirmed by melting curve analysis. The PCR product sizes were confirmed by submarine agarose gel electrophoresis and staining with ethidium bromide. Three replications were performed, and the mRNA level of each sample was normalized to that of β-Actin mRNA level. The calibrator was the RNA from GV stage oocytes in each real-time amplification. Results of real-time PCR were analyzed using 2 −ΔΔ CT method [31] to compare the relative transcriptional levels of the target genes in each sample.
Experimental design Experiment 1. Developmental competence of porcine SCNT and IVF embryos This experiment mainly focused on the optimization of production of porcine SCNT and IVF embryos. Optimal procedures reported previously were adopted directly in the present study [26, 32] . Porcine MII stage oocytes were randomly allocated to two groups: IVF and SCNT. Cleavage and blastocyst formation in culture were evaluated on Day 2 and Day 7 after reconstruction or IVF. Optimization of enucleation of recipient oocytes was emphasized here in the paper. The relative location between the metaphase plate and pbI of a cumulus-free oocyte was occasionally found to be associated with maturation culture time of COC (culture for (Fig. 2) , oocytes were divided into two groups: (1) Adjacent. The length of the distance between metaphase plate and pbI was less than 1/3 radius of the oocyte (L<1/3r). (2) Displaced. The distance between metaphase plate and pbI was more than 1/3 radius of the oocyte (L>1/3r). The dynamic alterations of pbI extrusion rate, enucleation rate and relative location between pbI and nucleolus of an oocyte were evaluated, respectively, at different maturation culture time (42 h, 44 h and 46 h). Experiment 2. Comparison of apoptotic incidence of porcine IVF and SCNT embryos during development in vitro
For evaluation of apoptotic incidence, porcine IVF and SCNT embryos were randomly divided into five groups: 2-, 4-, 8-, 16-cell stage embryos and morula derived from IVF and SCNT, respectively. Embryos from each group were used for comet assay separately to assess apoptotic incidence of each group. To compare relative expression levels of DNA methyltransferases genes (Dnmt1, Dnmt3a), oocytes or embryos were randomly divided into seven groups: GV and MII oocytes, 2-, 4-, 8-, 16-cell stage embryos and morula. Thirty oocytes or embryos were pooled from each group and directly conserved in liquid nitrogen, preparing for realtime RT-PCR analysis. All oocytes and embryos samples were analyzed in triplicate for every gene.
Statistical analysis
Experiments were replicated at least three times, the percentages were subjected to an arc-sine transformation, and the transformed values were analyzed by ANOVA. Differences at P<0.05 were considered significant.
Gene
Accession number Primer sequence 5′-3′ Product size(bp) Fig. 2 The relative location between pbI and nucleus of procine ooctyes (400×). L. The length of the distance between the metaphase plate and the pbI, r. The radius of the porcine oocytes. a Displacement: the length of the distance between the metaphase plate and the pbI was more than 1/3 radius of the oocytes(L > 1/3 r). b Adjacent: the length of the distance between the metaphase plate and the pbI was less than 1/3 radius of the oocytes (L < 1/3 r) Table 2 summarizes the developmental competence of porcine IVF and SCNT embryos using the optimal protocols. There was no significant difference for cleavage rate between groups (P>0.05), but the developmental percentage to blastocyst stage of SCNT group was significantly lower than that of IVF group (20.4% versus 29.8%, P< 0.05; Fig. 3) .
Results

Developmental competence of porcine SCNT and IVF embryos
Interestingly, during blind enucleation of recipient oocytes in the present experiment, it was found that pbI extrusion rate appeared to rise with the maturation culture period (Fig. 4) , whereas enucleation rate of recipient oocytes decreased gradually. The relative location between pbI and nucleus dramatically varied with the culture period, and the displacement percentage of pbI increased significantly as the oocytes aged during continuous culture. Under the present experimental condition, maturation culture for 44 h in vitro was the optimal time-point for enucleation of porcine oocytes with relatively higher pbI extrusion rate (82.5%, 33/40) as well as acceptable enucleation rate (85.0%, 34/40).
Comparison of apoptotic incidence and relative abundance of Bcl-2 mRNA transcript in porcine IVF and SCNT embryos during development in vitro Comet assay showed that the apoptotic rate in both IVF and SCNT embryos tended to increase similarly with embryonic developmental stage (Fig. 5) On the other hand, as shown in Fig. 5 , the relative level of Bcl-2 mRNA in both IVF and SCNT embryos decreased with embryonic development. Compared with IVF embryos, a higher Bcl-2 mRNA expression pattern was observed in SCNT embryos before the 8-cell stage and significantly differed at 2-and 4-cell stages (P < 0.05). After the 16-cell stage, Bcl-2 mRNA expression pattern became significantly lower in the SCNT group (P<0.05).
Relative abundance of Dnmt1 and Dnmt3a mRNA transcripts in porcine oocytes and embryos
The relative expression level of Dnmt1 mRNA seemed to be similar in either GV or MII stage oocytes but sharply decreased before the 8-cell stage in embryos produced in vitro (Fig. 6) , behaving similar Dnmt1 mRNA expression trend in two groups throughout development. The Dnmt1 mRNA showed a higher expression level in oocytes, then sharply decreased and started to increase slightly after 8-cell (IVF embryos) or 16-cell stage (SCNT embryos). Dnmt1 mRNA expression in IVF embryos appeared to have been lower than that of SCNT group before 16-cell stage embryos, especially at 4-and 8-cell stage (P<0.05).
The relative expression level of Dnmt3a mRNA quickly decreased from GV-stage oocytes to 4-cell embryos produced in vitro (Fig. 7 ) and displayed a very low level from 2-to 8-cell stage in both groups. Although similar increase pattern of Dnmt3a expression was observed in IVF and SCNT embryos after 8-cell embryos, the SCNT group resulted in much higher Dnmt3a mRNA abundance compared with the IVF group, particularly after 16-cell embryos (P<0.05).
Discussion
Effects of relative location between metaphase plate and pbI on enucleation efficiency of recipient oocytes For preparation of recipient oocytes, enucleation is necessary to remove genetic material from the recipient cytoplasm. Efficient enucleation is a crucial step to avoid such problems as aneuploidy abnormalities and possibly parthenogenetic activation [33] . However, using a blind enucleation method could affect enucleation rate, which is influenced by a number of factors. The pbI extrusion rate appeared to show a rising trend, whereas enucleation rate of the recipient oocytes decreased gradually as in vitro maturation period increased. Therefore, it is important to identify a cross-point for maturation culture period and enucleation rate. At this point, both pbI extrusion and enucleation rate maximized. Both the nucleus and pbI of oocytes move during the maturation process, resulting in the distance between them changing and severely impacting the enucleation rate. In the present experiment, maturation culture for 44 h of porcine oocytes appeared to be the optimal timepoint for enucleation. In vitro development and apoptosis of porcine SCNT embryos DNA damage and fragmentation are the major hallmarks of apoptosis, and accurate assessment is crucial when the biological significance of apoptosis is investigated. Although the TUNEL assay is frequently used as a method enabling in situ detection of apoptotic cells by labeling specific DNA degradation, its specificity is relatively low since the nuclei of cells undergoing necrosis are also labeled [34, 35] . The comet assay has been widely accepted as a simple, sensitive, and rapid tool for assessing DNA damage in individual eukaryotic as well as in preimplantation embryos, and can be used for the detailed analysis of DNA breaks during apoptosis [16] . Hao et al. [15] used TUNEL assay on porcine SCNT embryos and found that the earliest positive TUNEL signals happened in blastocysts. In this study, comet assay was used to analyze apoptosis in porcine cloned embryos, showing that the damaged embryos containing apoptotic cells could be detected in all developmental stages before blastocyst. The reason for the difference of these results may be attributed to the more sensitivity of comet assay than TUNEL assay for the determination of early cell apoptosis. Additionally, the rate of blastocyst formation by porcine SCNT embryos in the present experiment was significantly lower than that of IVF embryos (20.4% versus 29.8%, P <0.05), whereas the apoptotic incidence of porcine SCNT embryos was higher than that of IVF embryos at all early developmental stages (Fig. 5) . Hao et al. [15] reported a higher apoptotic incidence by TUNEL assay of porcine SCNT blastocysts compared with IVF ones. Gjørret et al. [36] also found that the incidence of apoptosis is higher in bovine blastocysts produced by SCNT than that of blastocysts derived in vivo. In general, all these results indicate that the high level of apoptotic incidence during development in vitro may be associated with the low efficiency of porcine SCNT.
Comet assay is an appropriate method for studying apoptosis in preimplantation embryos, however, it is essential to note that the degenerating polar bodies are also present in early stage embryos, such as in two to four cell stage embryos. The mechanism of polar body disintegration is very close to apoptosis and it is accompanied by the DNA fragmentation which also results in the formation of the comet tail in the comet assay [16] . In the present study, the zona pellucida was digested by 0.2% protease prior to comet assay, and the polar bodies were removed by microsurgery, which ensure that the only embryonic cells DNA were evaluated.
Another interesting finding from this experiment was that both apoptotic incidence by comet assay and expression level of Bcl-2 mRNA of SCNT embryos were significantly higher than those of IVF embryos at 2-cell stage. Bcl-2 is considered to be an anti-apoptotic gene, and its expression level should be low when apoptotic incidence is high. The higher apoptotic incidence of porcine 2-cell stage SCNT embryos than IVF group may be attributed to the in vitro micromanipulation [6] . The in vitro micromanipulation could cause cellular mechanical damage to some extent, resulting in higher apoptotic rate of porcine SCNT reconstructed embryos compared with IVF embryos. This could be another demonstration that in vitro manipulation may reduce embryo development, and increase the incidence of apoptosis [6] . On the other hand, the higher bcl-2 mRNA expression of SCNT embryos at 2-and 4-cell stages may be the active response of SCNT embryos to deal with the manipulation stress in vitro, suggesting that the embryos have a higher capability of response to the mechanical stimulin of in vitro manipulation at early developmental stages. However, the capability of response gradually decreased along with the embryonic development. The Bcl-2 gene family includes pro-apoptotic (Bax, Bad, Bak, Bokl, Bcl-xs, Bik, and Bid) and anti-apoptotic (Bcl-2, Bcl-xl, Mcl-1, and Bcl-w) subgroups and plays an important role in regulation of cell apoptosis during embryo development [37] . In our study, IVF embryos yielded significantly higher expression of Bcl-2 mRNA compared to SCNT embryos after 16-cell stage. Correspondingly, the apoptotic incidence of IVF embryos after 16-cell stage is significantly lower than that of SCNT embryos.
Relative abundance of Dnmt1 and Dnmt3a mRNA transcripts in porcine oocytes and embryos During normal embryonic development, reprogramming of genomic DNA modifications, such as DNA methylation, is observed shortly before and after the formation of the zygote. Shortly after fertilization, the global pattern of genomic DNA methylation is high in male and female gametes. In most species, such as mouse, rat, cattle, human and pig, a similar remodeling process has been observed that the paternal DNA is actively and rapidly demethylated immediately within 4 h after fertilization, whilst the maternal DNA becomes passively demethylated during subsequent cleavages [22, [38] [39] [40] [41] . The genome-wide demethylation process is a general phenomenon in mammals and may play an important role for normal development of early embryos [21] . Remethylation or remodeling of the genome appears to occur around the time of implantation and is maintained in somatic tissues. Successful cloning requires epigenetic reprogramming of donor nuclei [21] . DNA methylation, a major mechanism of this process, involves addition of a methyl group to the cytosine residues within the CpG dinucleotide, and generally associated with gene silencing. The correct pattern of cytosine methylation in CpG dinucleotides is required for normal mammalian development [42] . Nevertheless, cloned embryos have been found frequently to possess aberrant DNA methylation changes [21, 22, 25] . Genome-wide aberrant demethylation of the donor genome has been found in cloned bovine embryos during preimplantation development [43] . The lack of demethylation in repetitive sequence Rsat IIE was also observed in cloned rabbit embryos [23] . To date, several studies have also focused on the methylation changes during development of cloned pig embryos. It is of interest that a gradual demethylation pattern, which is similar to the endogenous demethylation process in fertilized embryos, was observed in cloned porcine embryos by bisulfite-sequencing technology when using PRE-1 and centromeric satellite sequences as markers [24] . However, Bonk et al. [25] used a global microarraybased approach to analyze the CpG methylation and found that mehtylation patterns of many CpG islands are different between in vivo-generated and cloned pig embryos. These apparent conflicting reports indicated different methylation status revealed by different target sequences analyzed. Therefore, it is hard to predict the global DNA methylation patterns only by evaluation of individual genes and sequences. In addition, DNA methylation mechanism relies on the catalytic activity of Dnmts. Differences in temporal patterns of transcripts could indicate possible differences in regulation and function of the Dnmts. To study the DNA methylation aspects of nuclear reprogramming, it is essential to identify DNA methylation related Dnmts gene expression profiles. In the present experiment, temporal transcript patterns of Dnmt1 and Dnmt3a gene of porcine oocytes and embryos derived from IVF and SCNT during preimplantation development were examined via real-time RT-PCR. The results revealed that Dnmt1 mRNA expression behaved in similar pattern in either IVF group or SCNT group. However, the Dnmt1 mRNA transcript level in SCNT group was observed to be significantly higher than that of IVF group at 4-and 8-cell stage. The Dnmt3a mRNA expression in SCNT group also appeared significantly higher at 16-cell and morula-stage compared with the IVF group (P<0.05). Zhu et al. [44] also observed a significant increase in Dnmt1 mRNA expression in fetal fibroblast SCNT embryos compared with in vivo-produced embryos at the 8-cell stage. These results indicated that porcine SCNT embryos seemed to have abnormally higher Dnmts mRNA transcripts than IVF embryos do, suggesting that there existed relatively high levels of Dnmts activities during development in vitro for SCNT embryos [45] . Kwon et al. [46] also found global hypermethylated DNA at the 4-cell stage of porcine SCNT embryos compared with IVF embryos using a 5-methylcytosine (5-MeC) antibody immunostaining method. An abnormally increased expression of Dnmt1 protein has also been observed in the 8-cell stage cloned murine embryos reconstructed from cumulus cells [47] . These abnormal levels of embryonic methylation may be associated with reduced developmental potential [48] . Furthermore, it is important to realize that the results from different approaches used to evaluate methylation changes may provide different information for the very difference work on bases [41] . The immunostaining method, for example, is used for assessment of global methylation. However, the bisulfite sequencing can be used for evaluation of methylation status of individual genes that contain CpG islands.
In addition, we also interestingly found that the Dnmt1 expression in SCNT group appeared significantly higher than that of IVF group at 4-cell stage, coincident with the timing of maternal-zygotic transition (MZT). The MZT is the first major transition in which the developmental programme that is initially directed by maternally inherited proteins and transcripts is replaced by a new programme as the consequence of the embryonic genome activation for continued development [49] . However, Dnmt 1 is responsible for cytosine methylaton in mammals and influences gene silencing, the over expression of Dnmt 1 is associated with repression of gene expression. Therefore, the higher expression of Dnmt 1 during the MZT period in present study may be leading to an incomplete activation of the embryonic genome. In this study, the SCNT embryos had a similar cleavage rate but a lower further developmental rate than the IVF embryos, which may be correlated with the incomplete activation of the embryonic genome [45] .
In conclusion, porcine SCNT procedures used in this study enables analysis of apoptosis and DNA methylation of cloned embryos. The porcine SCNT embryos had a lower development rate of blastocysts and a higher degree of apoptotic incidence during in vitro development as compared to IVF embryos. Despite behaved similar expression pattern in either IVF group or SCNT group, the abundance of Dnmts mRNA transcripts in SCNT embryos appeared significantly higher compared to the IVF embryos at 4-to 8-cell stage(Dnmt1) and after 16-cell stage(Dnmt3a), respectively. The low efficiency of porcine SCNT technology may be associated with either embryonic apoptosis or incomplete reprogramming of donor nuclear caused by abnormal DNA methylation.
